Protein 460 is a mouse myeloma y A2 protein that competitively binds two small haptens, 2,4-e-dinitrophenyl-L-lysine (Dnp-Lys) and 2-methyl-1:4-naphthaquinone thioglycollate (MenTG), to the antibodycombining region. The intact protein has a relatively inaccessible sulfhydryl group on each heavy chain. When it is substituted with a bulky reagent the binding affinity for MenTG decreases, while the binding of Dnp-Lys remains the same. Guanidine HCI selectively reduces binding of Dnp-Lys; dimethylsulfoxide selectively reduces binding of MenTG. Papain digestion of protein 460 followed by column chromatography gave two fractions: one contained both binding activities and the other contained the sulfhydryl group. The affinity for Dnp-Lys of the first fraction is the same as that of the whole molecule, while affinity for MenTG is decreased. Since selective alteration of one or the other binding activity can occur in different ways, it seems likely that even though the haptens compete with each other, there is some spatial separation between the groups of contact amino-acid residues involved in the binding of these two haptens. These findings do not support the hypothesis that an immunoglobulin molecule carries combining sites complementary only to a single hapten or to a structurally related series of haptens, but rather suggests that the antibody-combining site may be a polyfunctional region capable of binding several structurally dissimilar haptens. We discuss a mechanism whereby polyfunctional combining sites can give rise to an antibody population (immune serum) that has a high degree of specificity to a single hapten.
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It has long been held that antibodies react most strongly with homologous eliciting antigen, but often also, with graded affinity, with structurally related substances (1) . Many observations on the specificity of immune sera led to the idea that this specificity must, in turn, be reflected in a single binding specificity of the individual antibody combining site (2) . However, recent reports indicate that single immunoglobulins may bind two or more determinants, some of which bear little or no structural relationship to each other (3, 4 We observed that addition of 0.01 M dithiothreitol (DTT) and 2 X 10-' M EDTA increased the number of mol of hapten bound per mol of 7S monomer (r value) of some purified preparations of monomeric and polymeric MOPC 460 proteins from 1.0 to 1.75. This suggested to us the presence of a sulfhydryl group that was relatively inaccessible to the alkylating reagents used during conversion of polymer to monomer. Spectrophotometric titration of both monomer and unreduced polymeric protein 460 with 5,5-dithiobis-(2-nitrobenzoate), Ellman's reagent (12), gave 1.35 ± 0.05 SD mol of -SH group per 7S monomer (n = 3). Since this was less than the minimum symmetrical value of 2 expected, if one -SH group were associated with each combining region, another sulfhydryl reagent was designed on the Trojan Horse principle. It is known that the Dnp radical enters the site. The interaction energy of the Dnp moiety with the protein is not high, and on dissociation a relatively high local concentration of Dnp-S-S-Dnp is probably formed in the site, thus facilitating the formation of an S-S bond.
[3H ]Dnp-S-S-Dnp (see Table 1 ) titrated 2.0 ± 0.1 -SH groups per 7S monomer (n = 4). Equilibrium dialysis against 0.01 M DTT released all protein-bound tritium.
To confirm that a cysteine residue was reacting, we labeled unreduced polymeric protein 460 with ['4C]iodoacetamide (specific radioactivity 3.16 Ci/mol, New England Nuclear until 1.5 mol of ['4C]iodoacetamide was bound. The labeled protein was hydrolyzed (at 1100 for 24 hr in 5.7 N HCl under argon). A peak in the position of carboxymethylcysteine containing 98% of the applied radioactivity appeared when the hydrolysate was chromatographed (5AH Jeolco automatic amino-acid analyzer). The content of this peak behaved identically with authentic carboxymethyl cysteine on electrophoresis at pH 6.5 and on two-dimensional chromatography in butanol-acetic acid-water, 180:10:10, and also in ethanol-ammonia-water, 95:2.5:2.5. In addition it cocrystallized to constant specific radioactivity with authentic carboxymethyl cysteine.
Protein 460, labeled as above, was dialyzed free of guanidine HCl, and, after partial reduction and alkylation, light and heavy chains were separated in urea-propionic acid on Sephadex G100 (11) . The A280 ratio of the heavy-and lightchain peaks was 2.9:1. Of the total A280 units applied, 92% were recovered, and 92% of the applied 14C was recovered in the heavy-chain peak. (13) of the first fraction gave a single predominant band of molecular weight 24,000 and a less intense band of molecular weight 16,000. Both bands had aspartic and glutamic acids as the N-terminal residues; a pattern similar to that of the whole molecule. This fraction thus contains the N-terminus of the heavy chain (glutamic acid) and of the light chain (aspartic acid).
The second fraction gave a complex pattern, suggesting that the pattern of papain digestion of alkylated MOPC 460 protein differed from that of IgG molecules. Although it is tempting to speculate that the -SH group is present in a part of the Fc-fragment close to the Fab-fragment, the atypical complexity of the papain digestion pattern counsels caution. Heavy-chain structural studies with both affinitylabeled and -SH-labeled heavy chains of MOPC 460 protein are in progress and should give a more accurate localization of the -SH group. firmed that either hapten displaces the other from the combining site. Four different experiments are presented below in outline, and in Table 1 It is known that antibodies treated with denaturing agents and subsequently renatured will regain only partial binding activity (14, 15) . It is likely, therefore, that our dialyzed preparation contained both denatured and undenatured molecules of protein 460. A Scatchard plot of Dnp-Lys binding to renatured protein 460 showed a sharp break at 3 X 10-5 M ligand. The break separates two slopes: one with a Ko of 1.0 X 105 liters/mol (the Ko of unmodified protein) and the other with a Ko of 5 X 101 liters/mol (Fig. 1, left) . This indicated the presence of two populations of protein 460 molecules with respect to Dnp-Lys binding; however, with respect to MenTG binding, there was only one population. The Ko and r value of this population was unchanged by the treatment. It seems likely, therefore, that the denaturation conditions were either insufficient to disturb the MenTG binding site or that this site was restored to complete activity by the renaturation conditions (Table 1) . Whatever the cause, it does not seem likely that a single local site could be involved in the binding of both haptens. Table 1 ). An undenatured control preparation of MOPC 460 protein gave an r of 1. (D) Substitution of -SH Group with Iodoacetamide or Dnp-S-S-Dnp. Alkylation of the -SH group with iodoacetamide (about 0.6 mol -SH group alkylated per 7S monomer) produced no effect either on Ko or the r value of the protein 460 population or on any fraction of this population.
The sulfhydryl group on the heavy chain of the polymeric undenatured protein 460 molecule alkylates rapidly and completely with Dnp-S-S-Dnp. As a consequence, Ko for MenTG drops from 2.0 X 104 to less than 1.5 X 103 liters/mol*. Ko for Dnp-Lys is unchanged (Table 1) .
This fact implies that the nature of the contact between MenTG and protein 460 has been altered by the substitution of the -SH group by Dnp-S-S-Dnp. The mechanism might be either through a steric effect or a conformational alteration of the protein. It seems unlikely to us that access of MenTG to the binding cavity has been reduced without a direct effect on the binding site. If this were so, there would be no effect on the equilibrium point of the reaction, although the reaction rates might be slowed. The effect is, however, confined to MenTG binding, and Dnp-Lys binding is not affected.
Summary. Alkylation with a bulky reagent, i.e., Dnp-S-S-Dnp (10 A, maximum dimension) affects MenTG binding, while iodoacetamide (3.5 A, maximum dimension of the carboxymethyl group) does not. Since Dnp-Lys binding is unaffected, it suggests that the distance between the -SH group and the MenTG site is greater than 3.5 A, but less than 10 A. It is also necessary to account for the competitive binding of the two haptens. The immunoglobulin combining site is believed to measure 25-44 A X 10-17 A (16) . In a cavity of this size, Dnp-Lys (18.2 X 7.9 X 3.9 A) could, for instance, adhere to one wall blocking the entry of MenTG * This value is calculated from the half value of the MenTG concentration required to fill 2 sites/mol 7S monomer. The binding curve does not, in fact, level off at an r of 2, and, although it is technically difficult to reach saturation, there are probably more than 4 mol MenTG bound per mol 7S monomer. We do not know the reason for this. It is possible that the protein undergoes a local conformational change exposing more binding sites.
(12.5 X 6.9 X 2.4 A), which might adhere to the opposite wall of the cavity. The attachment of MenTG could block binding of Dnp-Lys in the same way. Attachment of Dnp-S-S-Dnp (9.5 X 10.1 X 7.6 A) within 9.5 A of the MenTG site could displace or perturb attachment of MenTG without affecting Dnp-Lys binding. Such models are only speculative; we have not excluded conformational changes secondary to hapten binding. Fortunately, the sulfhydryl group in close conjunction to the active site has proved a valuable tool for studying spatial relationships in the site. Studies will be reported elsewhere (Rosenstein, R. W. Konigsberg, W. H., & Richards, F. F., manuscript in preparation) in which fluorescence, NMR, and electron spin probes have been attached to the -SH group for measurement of the probe-hapten and interhapten distances. These -SH derivatives should also prove useful if the protein can be crystallized. Preliminary studies with MOPC 315, HOPC 8, TEPC 15, and MOPC 173 proteins indicate that all these yA proteins derived from mouse myeloma have reactive -SH groups, although their location and effect on binding is not yet known. The heavy-chain aminoacid sequence of protein 173 from residues 1-104 is published (17) . There are only two cysteine residues, and these are in the correct position for the first intrachain sulfhydryl loop. It seems possible that low degrees of alkylation of this "hidden cysteine" with iodoacetamide, as well as possible heavy metal complex formation, may have been responsible for the initial difficulties in finding the correct hapten valency for 'yA myelomas with antibody activity (9). We do not know how widespread the phenomenon of spatially separated hapten sites is in immunoglobulins. Certainly, the findings of Parker and Osterland (18) compounds (3) . This is important because it has been pointed out that low-energy interactions between small hydrophobic molecules and myeloma proteins are more common than might be expected on the basis of random immunogenetic selection, and this argument has been used to characterize such binding as "nonspecific" (18 10 anti-A immunoglobulin molecules there will be combinations with five anti-B and five anti-K molecules (anomalous cross reactions). All other specificities will be diluted out by being represented not more than once (low levels of "natural" antibodies). The more types of combining region and/or the more specificities per region, the higher the ratio of "specificity" to "nonspecificity" in the serum. A similar situation would result if B were the stimulating antigen. Presence of A-B specificity combinations would ensure continued ability to respond to A if the A,-antigen were lost from the environment. cells is known to operate (19) . There is evidence that an antigenic determinant binds to antibody-producing cells that have complementary receptors. These may be related to, or derived from, the antibodies produced by the cell. Cell binding of antigen causes the cells to multiply and produce secreted antibodies (20) . If now each antibody has several different specificities, the only quantitatively important specificity in the population will be directed against the eliciting antigen. The other specificities in each combining region will also be present, but will be diluted out by the fact that the other specificities carried in the combining region are not necessarily the same in every molecular species (Fig. 2) . The diluted-out specificities could account for the low levels of "natural" antibodies found in sera of animals not exposed to the hapten. It would follow that the ability to react with a specific small determinant (i.e., Dnp) should be spread widely throughout many classes and subclasses and individual species of antibodies (21) . It should also be pointed out that there is precedent in polyfunctional binding regions of this type in other proteins. Many enzymes bind structurally unrelated inhibitors at or around their binding cavities a.r clefts (22) . Polyfunctional combining regions eliminate the necessity for postulating a single antibody for each binding specificity, thus reducing the need for undue complexity in some theories of the origin of antibody diversity (23) . There are also some epidemiological implications in polyfunctional combining regions. If two structurally linked specificities, A and B, are present in a single combining region, and antigen B is lost from the environment, the presence of antigen A would continue to assure the survival of specificity B during the natural selection process. Linked specificities of this type could also account for the occasional anomalous cross reactions found in immune sera.
